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& i rropusiontatoraery Threshold L3 Requirements

« Threshold requirements correspond to minimum science yield necessary for
WFIRST CGI mission success (beyond technology demo)

« Can be defended at the SRR/MDR with margin, based on demonstrated CGl
performance, existing CGI design and components

« Threshold L3 performance currently is:

Static contrast achieved in the lab (with bright pseudo-star)

10% bandwidth (as tested)

WFIRST pupill

Throughput of the tested design

5x post-processing gain

EMCCD detector performance at mission end-of-life (6 yrs)
« JPL standard Radiation Design Factor (RDF = 2)

« Using these parameters in CGl yield model (Nemati & SIT’s) to evaluate integration
time to SNR per target



@ alfomi ettate of Toomaloy Baseline L3 Requirements

« CGlis atech demo flight instrument

 CGl optical/electrical/mechanical design will be matured and frozen per NASA flight
practices, along with the requirements for the key hardware components:

— Low noise detector

— Deformable mirror (DM)

— Fast steering mirror (FSM)
— Other mechanisms

« However, key aspects of CGI performance are determined by coronagraphic masks
and wavefront control algorithms that can continue to evolve:

— “Drop in” coronagraphic masks validated on the testbed can be installed during CGI
I&T (2021)

* Increasing effective planet throughput is the focus of ongoing optimizations

— Improved DM wavefront control algorithms can be uploaded as late as Phase E (on
orbit operations)

— Improved Low Order Wavefront Control algorithms for DM and FSM can be uploaded
as late as Phase E

— Data post-processing algorithms will be developed and improved into Phase E



@ sttty \mproving coronagraph throughput

Telescope obscurations diffract light outside of the planet’'s PSF core into the
wings. For WFIRST, 34% of the planet’s light is within the core (FWHM region).
This is called the PSF core throughput.

Coronagraph masks reduce the flux by blocking light, but they also diffract even
more light out of the core into the wings (as do the large-stroke DM patterns in
the HLC). The light in the wings is essentially lost in the noise, reducing the
effective throughput of the system. Improving the core throughput has been a
top goal for designers.

flux in planet’s core with coronagraph

relative core throughput = _ _
flux in planet’s core without coronagraph

WFIRST
PSF

(no coronagraph)

WFIRST
HLC PSF




@ e taenoy  \\EIRST CGI Design Improvements

Downselect Revised Current
2013 2014 2017

Shaped Pupil
Coronagraph

N Vi ltaneis

pupil mask shown

Relative core throughput = 7_9% 10.9% 20.6%
Fieldradus= 4.0 — 22.5 A /D 2.8-9.0A/D 3.0-8.7A/D
Hybrid Lyot ¢
Coronagraph
focal plane
mask shown
Relative core throughput = 7.9% 12.6% 18.5%

Working angle radius = 3.8 — 13.2 A/D 3.0-10.0A/D 3.0-9.0A/D
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565nm Imaging Mode

Requirement Name

Threshold Value v

Baseline Value

CGIl Mode: Imager/HLC, 565nm, 10% BW

Core Throughout
Inner working angle, |I/D
Bandpass, %

Raw Contrast, 3-4 |/D
Raw Contrast, 4-5 |/D
Raw Contrast, 5-9 |/D
Post-processing Gain

Detector Performance

0.01
3
10

6.00E-09
3.00E-09
2.00E-09

5x

0.02
2.8
10

2.00E-09
1.00E-09
1.00E-09

10x

CCD201 after 6 yrs, RDF =2 CCD201 after 3 yrs, RDF =1
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California Institute of Technology B asel I n e VS . Th reS h O I d : CO m m ents

« Core throughput here incudes: coatings, masks, PSF shape, polarizer.

« Assumes 2x core throughput increase from threshold to baseline design. (Latest design
provides 1.5x improvement.)

* Need to revisit the advantage of digging dark hole in one polarization -- trade 2x better
throughput vs shallower contrast.

« Assumes slight IWA improvement in the baseline design.

« Contrast informed by MS9 data. Assumes 0.5 mas residual pointing jitter. Improvement
between threshold and baseline is mainly due to reduction of jitter sensitivity. Informed
by MS9 data.

« Baseline detector requirements: same detector, taking advantage of opportunity to use it
earlier in the mission, and reduced RDF to 1.
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N 660 nm Spectroscopy Mode

Requirement Name w [ Threshold Value w [ Baseline Value A

CGI Mode: IFS/SPC, 660nm, 18% BW

Core Throughout 0.009 0.018
Inner working angle, I/D 2.8 2.8
Bandpass, % 10 18
Raw Contrast, 3-4 1/D 9.00E-09 6.00E-09
Raw Contrast, 4-5 |/D 7.00E-09 4.00E-09
Raw Contrast, 5-9 |/D 5.00E-09 4.00E-09
Post-processing Gain 5x 10x

Detector Performance CCD201 after 6 yrs, RDF =2 CCD201 after 3 yrs, RDF =1
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CGI L3 Requirements:

770 nm Spectroscopy Mode

@D

Requirement Name

w | Threshold Value

w | Baseline Value

CGI Mode: IFS/SPC, 770nm, 18% BW

Core Throughout

Inner working angle, I/D
Bandpass, %

Raw Contrast, 3-4 |/D
Raw Contrast, 4-5 |/D
Raw Contrast, 5-9 |/D
Post-processing Gain
Detector Performance

0.009
2.8

10
1.00E-08
8.00E-09
5.00E-09
5x

0.018
2.8

18
7.00E-09
5.00E-09
4.00E-09
10x

CCD201 after 6 yrs, RDF =2 CCD201 after 3 yrs, RDF =1

Yield suffers in 770nm vs. 660nm IFS band due to

1) Lower detector QE
2) Larger IWA

3) Larger polarization-induced astigmatism

4) Detector fringing



@ sirmruson e CGI Detector Requirements

. These are the noise and efficiency requirements for the WFIRST coronagraph detector. Functionality
requirements also apply. The coronagraph Science investigation teams will be defining the threshold
science case. We expect that the capability-based requirements below will meet the threshold science.

. The basis of these requirements is the already-achieved end of life EMCCD performance, as well as a
detection and characterization SNR model.
. The following conditions must be applied when evaluating detectors against these requirements:
A. Detector is at the end of life for the WFIRST mission (6 years at L2)
B. Incident flux from all photon sources is e-/pixel/frame
C. Detection is in the photon counting mode
D. The detector is no colder than -105° C or 168 K

: .. Conver
1. Conversion Efficiency sion | Imagin | Imagin
—  Defined as the fraction of times a single incident efficien g1 g2 IFS1 IFS 2
photon is counted as a single photon and cy

includes
. Quantum Efficiency 450 nm 565nm 660nm 770 nm

. Charge transfer efficiency (where applicable) 10% 10% 18% 18%

. Photon counting efficiency (thresholding
effcioncy @ | 23% | 24% | 23% | 18% |

2. Total Noise from one pixel in a 100-second
frame
— Defined as the standard deviation of the combined
detector noise contributions from:
* Read noise
» Dark current
* Clock induced charge (CIC, where applicable)

Combined Noise 1 pixel, 100s frame, at




s propuson oty Detector Information

1 1~ Relative QF vs Signal in each Frame
« Conversion efficiency L Rt e e et
. BOL 1 100%
— Three sources were considered b T T e g s,
a. E2v QE for basic Multi2 std Si [ b %/' 1 / '
b. Measured charge transfer loss in lab E’M; ,@g@w 1w /
c. Modeled threshold efficiency for photon 3wt _w[fs ad 1=/l \
counting | T . H/,
AL I —— _ —
o - (e'—PSF’l—ir"; ’ 10.{:0 )
® TOta| NOISG } C 3 input cases with mean gain of 1000x
. . . ol Does NOT include photon shot noise
— Started with the phase Il irradiated -
EMCCD representing EOL conditions: . -
. . § 25% <300 e
» read noise (assume 50e- and gain of 50% <700 ¢
1000) oald At current noise levels, threshold = 450 e
. In: 10 e
« dark current as measured in lab, and Out 10000s3012¢ | o0
« CIC as measured in lab. e ¥ e
— Computed the sqrt of sum of T o
variances
« is avariance Detector total noise in 100 s frame
EOL 100 s frame
* is effectively a variance read noise 500602 |e/piv/fr
* is an effective read noise and is a cic 230603 _|e/pix/fr
standard deviation dark current 7.00E-04 |e/pix/s
total (std. dev.) 0.273 |e-




Jet Preprilsjosloabiodadcatyry
Califoxpadifurataubs i tbeot iPedboylogy

BACKUP

12



& soioronsion aborater L3 K/D Requirements

Key Driving

PR e 8x10°3-6 A/D, 1x1086-9 A/D v Y
e ) 1) Significant recent testbed improvement (need full dynamic results)

5x1010 3-9 A/D, over 100 hours

Greatest uncertainty in terms of capability. Focus of testbed and v v
modeling studies next year.

Contrast stability
vs. working angle

=1 % (TBR) of the energy entering telescope primary in core PSF (to half

Optical .
Throughput maXImum.) . . v v
Focus of ongoing design improvements
Imaging Spatial 18.6 milliarcsec on sky / pixel J
Resolution Reduced sampling to Nyquist at 430 nm based on modeling results
Discussed in detail in previous charts v
Sequential imaging in two orthogonal polarizations v
IFS Spectral R = 50 over bandpass of 600 — 970 nm J
Resolution Changed from R=70 based on SIT simulations
IFS Spatial 26 milliarcsec on sky / lenslet J v
Sampling Reduced sampling to Nyquist at 600 nm based on modeling results
S and | Read noise = 1x106
and iImager = -5
" Dark current (BOL) = 3x10 J J

CIC = 3x103
Based on EMCCD capabilities; continuing tech development effort

Parameters
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QD Caiomamitte o Teony CGl Filter Wheel Populations @

Beam Dia [Clear Aper.| Mount Dia |# of Occupied Slots
(mm) | Dia. (mm) (mm) in Current Design

20 23 27 5

Wheel Max # of Slots

6

Pupil Mask

Slots
limited
IFS/img/pupil sel
50T 6 x 23 mm clear
aperture
25t
B B
E of -+ £
> >
251 \‘/
_50 1 1 1 1 - 1 1 1 1
-50 -25 0 25 50 -50 -25 0 25 50

x (mm) X (mm) 15



Jet Propuision Laboratoistay 6 EStimate Planet & Disk Yields

B California Institute of Technolo:

« Derived system throughputs (including PSF shape) along with planet/disk
properties define the signal

« Computed speckle brightnesses, detector effects, and post-processing
factors define the background noise

« These metrics are combined with input planet populations (e.g., known RV
planets) and observing scenarios to produce planet detection and
characterization yields
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B. Nemati - rev. 1/10/2017 Planets Observable In The Selected Mode Noise Equivalent Contrast (NEC) Parameters
Conversion factor for equivalent contrast
[wose [ o Jconmas mom | wnom | WA Jissionid] cint i Wapea for te IFS S2IET per ot
FS1Threshold HIC [Design| 660 | 660 | 5 | 1o00% in ppb uni 0.0062 pob/count Contrast to Use
Scenar BW [ ionUife] _*pp | FPope [tinteg hrs| SNR These are taken as numbers
Custom 18% 50 SPC 0% 10% IFS 18 10 No | PiName [ Vmag bep (mas[Wa (/D) [ C_pl, ppb [D: Marginfzodi /s/as] Star ph/s [planet ph/s item HLC spc__[units Comments
moging 1 0% o HiC 0% 0% | imagng |22 o| sumec M = | e | 773 | 7ew | owe | si7 | s7ees | 29 Obsenational Scenario Parameters supi Radivs 200501 3 06E-01arcsec
maging 2 10% [ HLC 0% % Imaging | 22 5 1| betaGems |NBBN| 370 | 30 o35 98% 99% 630 | 136410 | 1295 Star distance 14,0627 | o how far this system is from us Intensity 245E-12] 196612 Speckle intensity at r (normalized t
maging 2 Thresh 10% o HLC 100% 10% | imaging | 22 B 2 [gommaceps | 32 | 120 | 20 215 1506 | 20802 | 82 Star apparent mag 503 |mag Contrast per design 5.856-10] 109609 Intensity/PSF_Peak
7S 1 Thresnold 10% 50 HC 100% 10% ks 100 s 5| Moarsis | 54 | 102 | 18 6505 587 | 27ew08 | 175 Planet SMA 36 |au Jupiter is Core Thioughput 3926-02] 36660 Frac light incident on primary in FW
Fs1 18% 50 HC 0% 5% Fs 200 5 [ [ Foressioc | 57 | 13 25 524 588 | 1908 | 10 Planet Albedo 028_|@650cg  Geomerric Albedo x phase function PSF Peak Intensity 5576-05] 179603~ Froc light in peak pixel of PSF cente|
2 8% 50 HLC 0% % IFS 300 5 5 | wpsionAndd | &1 | 187 | 33 253 4% 1% 576 | 67e-08 | 43 Planet Radius 127 |R jopiter PSF Area on Sky 2.06E-03] 5.24E-03|arcsec2 | Area of FWHM of PSF centered at 1]
Fs3 16% 50 HLC 0% B FS 100 5 6 | cpsionenn | 37 | 48 | 80 818 935% 9% 54 | 12609 | 101 Local Zodi 2 |mag/os*2 Occular Transm 505  250% Occulter*iyot stap transmission at
7| arumeb | 50 | e | 26 1121 @65 | s7Ee08 | 41 Ex0 Zodi at 1 AU 22 |mag/as*2 Min Working Angle 270 260[2/0 Throughputs
8| mpioe470 | 55 | 116 | 20 1808 475 | 2see8 | 42 Max Working Angle 550] 90020 Throughputs
9| a7umac | 50 | 24 | 773 4% 0% 37| a7e-08 | 29 Resolution R crefleqions 0565|054 Throughputs
Targetsysiem 8 Jerumee i 10| Fossosis | 57 | 1 | 32 | 1w e | amos | o3 ambaa S0 |m < polarizer To00] oe0) Depends on Kt aesign file being ]
Planet Contrast 77 peb 11| motmasise | as | 257 | a5 250 7% 1% 528 | cees0s | 11 bandwidth 10% CG intrinsic sampling 030 020[2/0/ pix_|sompling used by Jonn Krist in gen:
Time 1o SNRT T s [12| Fpzestic [T 106 18 1997 85 | 39607 | 08 Integration Time 00 |ns CG imtrinsic mpix 873 1963]4/0/pix_|pixels within PSF core assuming ins,
13| Glese 7776 | 57 | 251 | ax 567 29% 45% 281 | toe-08 | 11 SNR requested 5 Contrast achieved T50E-09] 4.666-00] Contrast in testbeds
Time Margi 9% 10| muame | 51 | 30 | 60 514 26% 0% 278 | seEe08 | 11 Contrast used £.856-10] 109609 155 of C_C6 and C_fioor
15| 1sbers | 66 | 167 | 29 6.3 281 | 66E-07 | 06 wpe
16| pass07p | 70 | 101 18 869 318 | 5007 | 05 Fraction of Mission L
Error Category. Allocation _ WEC Copability | NEC i Capability | Units Comments 17| sscnco | 60 | s | 77 275 250 | 16608 | 0s PP effectiveness
Margin| 7% 16| AD7oes2s | 72 | 113 20 553 293 | c1e07 | 04 frame exposure time GE Coating Selected_[Basic Multia st s 5
19| moziziorc | 62 | 289 | a1 259 264 | 136408 | 04 Detector Parameters oL [units Comments
Detector Noise: ob Bob 00%  toEOL 20| motsesase | 68 | 227 | 39 247 259 | 75607 | 03 Scenario - Planet - Derived Read Noise CBE 100603 |e/pin/fr
read noise o0 o0 e/poiy/fr_|eective reod noise 21| mo1rzzo7p |38 | 11 20 618 89 | e7e07 | 03 Planet contrast Dark Current cBE 700608 | e/pix/s
dark current Bob. Bob. e/pix/s 22| HD134%7¢ | 65 222 39 224 266 9.8E+07 02 Planet SMA WA 2.30E-03 | /pin/fr
clock ind chg eob eob e/pis/fr 23| wpazssss [Lae| 19 | e 225 252 | a6e07 | 01 Planet Obsenving WA Detector G R
[2a] Fp 222 71 | 105 18 B 506 | see0r | 0z Charge Transer e 60% [For tiepix
Exosystem Shot Noise oot [25] o 181435 113 20 823 257 | 17607 [ 04 Phaton counting EFF 80%
Planet shot Noise| pob </ 26| Mpza0s00 | @5 | 106 | 18 247 285 | 3807 | 0.1 Ertective QE 2% i
Zodi Shot Noise Bob /s o7| Wpisss1e [we | 116 | 20 273 274 | 3aE07 | 01 0-Mag Flux @ band  860E+09 oh/s/m? mbda and BW
Speckle Shot Noise o0 s 28| ots7izsc @@ | 100 | 17 523 277 | 2807 | 01 star Flux 8366407 ph/s/m2
2| arsszn 28 | 80 000 200 | 13807 | 00 Planet Flux pn/s/m2 [Focal Plane Attributs 1F5_ | imoging [units Comments
Post processing residual 011 0| Apiose2s | se | s 15 1056 561 | 10808 | 20 Star absolute mag feor 020 10 |perCore_|fractioner
011 oo 31| mpiezc | 57 | 330 | 57 115 264 | 20808 | 02 star apparent size mpix 160 | 676 |pisels _|no of pixers contributing to RO
52| nuophe [TBaN| 130 | 23 034 1635 | 17608 | 06 Star-planct Separatio separation at obervatian (ot nec. ! Critical i G60E-07 | 450607 |m Nyguist sampled at th fengti
33| psivBs | 58 | 201 B 273 300 | 1808 | 08 Planet signal rate Focal Plane Sampling | 0500 | 0341 [7i/D) /pix
se| moesssoc | 55 | s 17 569 71 | i7ees [ 06
Scenario - bxo and local Zod - Derived
Exozodt flux 176 pn/s/majasz o ©2v QF curves at -100 deg C
[Variance rates for detecor naise sources % : : Local Zodi Flux 542 ph/s/m2/es2
@ SNR and Noise Contributions e
darkNoiseRate 11602 /s Exozodi rate 12603 efeore/s sugon
CICNoiseRate 368E-04  e/SR/s *+  Photometric SNR means we include Local Zodi rate 36E-03 e/eore/s
i L6SE-02  e/SR/s planet shot noise Zodi bkg rate /SR/s e-/5 per SNF region Lol
Keep in mind that we-are-considering the N 0%
post speckle-subtraction SNR P=rpt Scenario - Speckles 2nd Post Processin HIC
- - Coranagraph Contrast 8BE-10 Desion coa0k
Coronagrapn I_pk oz
* * We write the total noise as: GG . spectie nk: fes €/sF/s___|e-/5 per SNR region s
: wes - snos )’
; fon - D&, = e . 5 X : Scenario - Obsenvation Parameters /
feoATpi 1 =S Otox The uncorrelated, random noise is given by: Integration time 360,000 sec derived from days anoen —‘jﬁ/
: ) SNR for NEC 1 R For NEC, set SNR = 1; £8 w e/
Eoq = K- Opop Ty T T el . . (& )‘ I m,ﬂ,] gy Photan Energy 3.01€-18 / length 300 00
foa® Attt A Tt i A et M= ENF g hes No ENF! ScMMROD  —— AtmoMu200 fateo Mok st 51 Saske Mk b 51
E Focal Plane Twe s Aiteo Midhand DD —— BasenR D s Mdband SSi
phatonic (shot nose) et [ 0200 1SR
. mpix 160 pireis I L I I L
IFS Lensl per PSF 2 lenslers End of Life (EOL) DDD Exposure [protons/cm’]
Note: Thisis the sndshouldin IFs Spatial Samp 2 rows pixels in spe 80409
and reference images. Howeuer, consistent uith oue assumption that the reference i significantly brighter IFS Spectral sam 2 cois - anemeem 7
e e oo s ot g doedog i gt ooy " " rocim N ==
PP |
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